Stratis Manoussis. Reconstruction of subduction zone paleogeometries and quantification of upper plate material losses caused by tectonic erosion.
The well-demonstrated subsidence is the key point of this problem, and all paleo-reconstructions are based on the amount of subsidence. If we take stock of the situation since the upper Oligocene, the margin has subsided differentially from -0 km near the coastline to 6.4 km near the trench. We will also see in a next section that the margin did not subside uniformly through time. What were the mechanisms involved in this event? Langseth et al. [1981] proposed that it resulted primarily from the thermal effects associated with a start of subduction at 25-30 Ma (deduced prior to more recent plate tectonic reconstructions from the apparent absence of Paleogene volcanism). More recent work on the relative motion between Eurasian and Pacific plates shows that convergence during the Paleogene was at a rate approximately equal to Neogene convergence [e.g., Engebretson et al., 1985] . Therefore thermal effects are of considerably less importance than previously imagined by Langseth et al. [1981] . A rapid computation shows that thermal contraction is of the order of 0.3% per AT=100ø; inasmuch as we cannot envisage a temperature change of more than 100 ø within the margin with a continuous subduction, the thermal effect should only explain a few hundred meters of subsidence. Eustatic sea level changes cannot contribute to an apparent subsidence because sea level was about 100 m above present one during the Miocene [Haq et al., 1987] . Tectonic erosion is thus required in order to explain such great subsidence. In other words, a tectonic thinning and shortening of the upper plate through time seems to be the more reasonable way to explain the subsidence.
TIlE CHOICE OF SLAB $I•TING MODELS
The subducting plate responds in a complex manner to loading, tectonic, internal, and mantle flow forces. Furthermore, its own theology changes drastically as the slab's thermal structure and internal stress field evolve. Loading forces are likely most important in the shallow part [Karig et al., 1976] . Deeper, the elastic thickness of the lithosphere is reduced considerably by reheating and dehydration [Pennington, 1984; Ruff and Kanamori, 1983] , and plastic or viscous yielding appears [Furlong, 1982; Bodine et al., 1981] . Considerable slab bending occurs, and plate dips steepen more than 50 ø (forming the slab bend). Large earthquakes are generally absent throughout the slab bending, indicating a largely anelastic theology [Spence, 1987] . Deeper, the mantle flow surrounding the buoyant slab imposes a new control on the geometry [Hagget and O' Cormell, 1978; Richter, 1979; Sleep, 1979] . Simulating these various effects appears rather difficult. However, because we concentrate on the shallow part of the subducting slab, we can exclude some of the less important processes involved in our simulation.
Simple elastic, viscous, visco-elastic and elasto-plastic models have been successfully developed to approximate the mechanical properties of the lithosphere in the vicinity of ocean trenches [Walcott, 1970; De Bremaecker, 1977; M c Adoo et al., 1978; Bodine et al., 1981] . Forsyth [1980] tested different mechanical models and showed that there are minor differences in modeling topographic profiles of the seaward trench slope and outer rise. Consequently, it seems reasonable to examine first the simplest models, that is to say the isostatic and the elastic models (we will consider the following terms as synonyms: elastic = nonlocal = regional, and anelastic = isostatic = local), and then compare them with the results obtained with more sophisticated models (P. Schnurle et al., manuscript in preparation, 1991).
Considering only the most important effects, the oceanic lithosphere can be considered a thin layer overlying a weak asthenosphere and submitted to the load of the seaward tapering lithospheric mass of the upper plates ocean margin. Thus, neglecting the tectonic forces and thermal evolution related to subduction, the removal or accretion of a significant volume of the margin should lead to an isostatic adjustment of the underthrusting slab. This compensation should be local where the ocean plate is assumed anelastic (no flexural rigidity) and regional where it is assumed elastic.
Karig et al. [1976] show that the geometry of the upper part of the subducting plate is a function of the load of the margin. When loading the assumed elastic oceanic lithosphere of the Tonga subduction zone with the volume difference between this margin and that of Aleutian margin, Karig et al. [1976] obtained a deflected Tonga subduction zone similar to the Aleutian subduction zone. It is obvious that the applications of this simple result are very attractive; this led us to reconstruct palcogeometries of subducting slabs knowing the paleotopographies of forearcs.
The first part of this study is devoted to the statement of the method and accompanying tests over 15 different wellconstrained subduction systems. Then, in the second part, we apply this method to the reconstruction of palco-convergent margins. Our approach involves deflection of the oceanic lithosphere under the load of the margin when estimating the optimal thickness of the ancient margin wedge needed to reproduce the surface profile of its known palcotopography.
HYPOTHESES AND TESTS OF THE MEWHOD
Ideally, if the weight of the overriding lithospheric wedge is the main force that controls the downgoing slab position, then we are able to deduce the depth of the subducting lithosphere of a given margin by loading any of the 14 other studied margins with the difference in weight of the overriding lithospheric wedges. Comparing true and computed locations of the downgoing lithospheres provides an error bar of the method.
To look at the effects of loading the oceanic lithosphere requires a reasonable estimate of the load distribution caused by the wedge of overlying ocean margin lithosphere. In a first approximation, Karig et al. [1976] obtained good results applying a constant density of 2.7 g/cm 3 to the overlying crust, despite obvious overestimates of the load at the toe ol the lithospheric wedge and underestimates toward the arc. To optimize densities within any margin taper, we compiled 14 density models deduced either from gravity field inversions or seismic velocity data and obtained an average curve giving the mean density versus thickness of the lithospheric wedge ( Figure 3) . The width of the error bars in Figure 3 reflects the great variations in rock fabric at the toe of lithospheric wedges as different as for example Tonga, where virtually no accretionary prism exists, and Nankai which is bordered by a wide accretionary prism. Using that empirical curve, we apply mean densities from 2.0 g/cm 3 at the toe of the prism to 3.1 g/cm 3 near the arc, which is more realistic.
The choice of a fixed origin is important when dealing with kinematical arguments. As no such argument is introduced in the calculation, we preferred to use as reference a vertical line crossing the same depth of the subducting slab (to simplify the calculations), located arcward of the intersection between the Moho discontinuity and the downgoing slab ( Figure 4 ). This intersection is intuitively close to the downward limit where the load of the overlying lithospheric wedge has some effect on the bending of the slab. The origin choosen in this study is at a slab depth of 100 km, which is commonly close to the axis of arc volcanism.
Each "system" is characterized by the position S(x) and mean age A (where A is the mean age of the oceanic crust between the trench and the 100 km depth of the slab; the age of oceanic crust at 100 km depth being extrapolated from published reconstructions) of the underlying slab, the margin's lithospheric thickness H(x) and associated weight P(x) (We call "margin's lithosphere", "lithospheric wedge", or "ocean margin lithospheric wedge" the area of mantle and arc or continental crust overlying the subducting slab. Its thickness H(x) is zero at trench and 100 km at the origin.) (Figure 4 ). Considering two different margins i•j, we apply the following process: 1. Normalization: We shift the coordinates of the system j vertically to get the abyssal plain to the same depth as those of system i and shift horizontally to make them coincide at the As the slab reheats while sinking in the warmer mantle, its elastic thickness bounded by the 450øC isotherm [Walcott, 1970] thins rapidly, depending mainly on the thermal state (i.e., age) and convergence rate of the incoming plate. Furthermore, plastic yielding occurs when stress inside the slab becomes important, thus reducing the elastic thickness. The easiest way to simulate the decrease in flexural rigidity, valid for every subduction system, is to use a semi-infinite beam model in which flexural moment and shearing forces are nil when the slab reaches 100 km depth (see Figure 4 ). The semi-infinite beam solutions y(x) can be easily deduced from the previous infinite beam yoo(x) by applying at origin the end conditioning boundary forces detailed in the appendix.
As we do not want to introduce any further process responsible for the thinning of the elastic core of the downgoing lithosphere, we propose neither calculation with an intermediate nor variable flexural parameter. The degree of fitting between the real slab depth S i(x) and the computed slab depths siij(x), seij(x) and Sfij(x) (where the exponents i, e, and f refer respectively to the isostatic, elastic with infinite beam, and elastic with free edge calculations; see Appendix for further details) is used to test the validity of an elastic or isostatic adjustment of the margin in response to erosion or accretion, even when its structural configuration has been drastically changed (from context j to i). The 15 tested convergent margins are summarized in Table 1 . These margin transects were selected because good geometrical constraints provided by bathymetric maps, multichannel seismic reflection and seismicity data are available for them. They also represent a large variation in age of subducting slabs, width of the lithospheric wedge, nature and location of the oceanic plate, and convergence rate. Slab ages of the underthrusting lithosphere range from 7 (Oregon) to more than 130 Ma (e.g., Tonga) at trenches, thus providing very different flexural parameters. Arc-trench distances vary from 120 (Manila) to 400 km (Barbados). Slab lengths range from 300 (Costa Rica) to more than 1000 km (e.g., Java). Shallow slab dips vary from 2 ø (e.g., Lesser Antilles) to 15 ø (Chile), while at depth the dips steepen between 10 ø (Peru) and 54 ø (Costa Rica). Convergence rates range from almost 0 (Manila) to 17 cm/yr (Tonga), with obliquities locally reaching 60 ø (southern Kuril).
Three transects involve the convergence of the Atlantic and Carribean plates at different latitudes along the same subduction system (Barbados and Lesser Antilles) in a zone where large structural variations take place as a function of sediment supply and subduction of ocean floor ridges through time. Five transects involve the convergence between the Pacific and North American plate (Aleutian and Kuril trenches), Indo-Australian plate (Tonga and Hikurangi trenches) and
The diversity in parameters among these margins provides a good estimate of the usefullness of the method.
RESULTS AND CONSEQUENCES
The computed slabs siij(x),Seij(x ), and sfij(x)(see Appendix for further details) account for 15x14 = 210 arguments that favor the hypothesis of an elastic or isostatic adjustment of the margin in response to erosion or accretion, even when its structural configuration has been drastically changed (from context j to i). The stress induced by the tectonic forces is released through removal or accretion of amounts of material within the limits of the error bars (2 to 3 km), but its effect is mainly to perturb the isostatic equilibrium. The good results of the static approach suggest that variations instead of present magnitude of tectonic parameters are producing evolution in shape. Thus a direct modeling of the subduction geometry should take into account the margin's whole tectonic history, which is almost impossible to realize.
The "perturbative approach" should be more fruitful, and therefore we feel confident in our paleo-reconstructions.
APPLICATION TO THE RECONSTRUCTION OF PAST GEOMETRIES
When searching for the position of a paleoslab at the time of reconstruction, T, we shall invert the set of equations of isostasy ((1), (2), (3)), the present geometry being the reference state. Our basic hypothesis is that each modern subduction zone is more or less isostatically equilibrated and thus was also in equilibrium at the time of any past reconstruction. We thus compare instantaneous images of a convergent margin at different periods. This inversion becomes rather tedious because equation (1) becomes nonlinear (quadratic in Hi) when assuming (3). The convergence of iterative results is very uncertain near the arc where the densities become close to the mantle density (especially when the difference between the past and present topographies is great). Therefore we use an elastic iterative scheme (Figure 7) to solve the problem. We also test lower rigidities for the oceanic crust accounting artificially for the downward thinning of its elastic core.
In the first iteration, we deflect the present corrected slab (slab position is corrected vertically for the subsidence generated by the load of sediment that has accumulated since time T) under the minimum load necessary to account for the PRESENT TIME Fig. 7 . Diagram showing the preliminary corrections applied before running the first iteration and the iterative process. In the first iteration, we deflect the present corrected slab under the minimum load necessary to account for the assumed (corrected) area of subsidence (the present geometry is considered as the reference state). In the second iteration, we reload the previous deflected slab with the sediment that filled the deflected area because all the lithospheric wedge-slab system subsided by the same amount and the newly created topography does not coincide with the paleotopography. Each weight is given by the difference in weight between each lithospheric wedge in order to affect the right mean density to the new load. This operation is iterated until the weight of the infill becomes negligible, thus attesting that the equilibrium is reached. assumed (corrected) area of subsidence (We call "area of subsidence" the area between the paleotopography at time T and the present depth to this buried and subsided paleosurface, this paleosurface is corrected from its subsidence created by the load of sediment that has accumulated above it since time T) (the present geometry is considered as the reference state; see Figure 7 ). In the second iteration, we reload the previous deflected slab with the sediment that filled the deflected area because all the lithospheric wedge-slab system subsided by the same amount and the newly created topography does not coincide with the paleotopography. Each weight is given by the difference in weight between each lithospheric wedge, in order to affect the right mean density to the new load. This operation is iterated until the weight of the infill becomes negligible, thus attesting that the equilibrium is reached. Let now consider two keypoints acting on the results. They are the choice of the paleotopography profile and the deep paleoslab geometry.
The paleotopography can be constrained, using deep-sea drilling and seismic reflection results, up to a certain point (A on Figure 7 ) located landward of the present trench. This point A is the seawardmost place where we can identify the paleoseafloor at the time of its burial by the "time T layer", which is the layer deposited at the time of reconstruction. To simplify, let us consider that paleotopography was subaerial until point A. How can we extend the paleotopography profile seaward of point A, inasmuch as there are no direct indicators? One possibility minimizes the subsidence area and thus assumes an overcritical slope (dipping 5 ø or more) starting directly from point A to the oceanic plate. Another possibility tests different slopes dipping from 1 ø to 5 ø and chooses those which give the most credible profile of the computed slab. A different approach postulates that the distance between the present trench and volcanic arc is constant through time and thus the paleotrench location could be deduced from the paleovolcanic arc location. All these possibilities are tested, and we use those that minimize the area of eroded continental margin material.
Inasmuch as we chose the most conservative method (eroded surface is minimum), we ran the program using an infinite plate model. However, whatever the subsidence area chosen, the new computed slab geometry will be more or less deflected under the load and consequently different from a normal slab profile with a downward increase of the subduction angle. When compared with present slab geometries, this circumstance seems unrealistic. How can we optimize the slab shape deep beneath the margin? One way prevents any downward decrease of the subduction angle by substituting an ideal slab shape for the unrealistic computed one. This method can provide credible geometries, but it is not based on well-constrained physics. Another way, if we know the location of the paleo-volcanic arc, is to assume that the paleoslab descended 100 + 20 km below the paleo-arc, and then extrapolate an optimal curvature of the slab starting from the point where the subduction angle decreases and crosses the 100 km depth under the paleovolcanic arc. Both computation tricks modify the isostatic equilibrium between arc and oceanic lithospheres and thus cause a deviation from our method, which is supposed to maintain isostatic equilibrium (starting hypothesis).
An elegant method would be, during the iterative process, to allow the deeper parts of the slab to move perpendicular to the slab face as a free edge (semi-infinite plate model, the same used for preliminary tests). This produces large lateral variations (or downward deflections) in the deeper parts, and the final computed slab appears to be deduced from the present slab by a landward migration. The removal is thus considerably increased. Is it realistic? We think that all these ways of computation have to be tested case by case and then criticized because the behavior of a 100 km deep slab results from several conditions like the slab length or surrounding mantle flow.
The Exatr•le of the Japan Trench As was described earlier, the Japan Trench is a "test area" for reconstructive computations because a wealth of controlling information exists. Furthermore, minimum estimates have been proposed by yon Huene and Lallemand [1990] that can be compared to these more comprehensive estimates.
Rather than use a single transect around 40øN, we adopt a more spatial and temporal approach, because lateral variations in margin evolution have occurred. This approach allows us to present a pseudo-three-dimensional view of the evolving Japan Trench margin since upper Oligocene time.
Four transects have been selected because of their spatial distribution and the availability of multichannel data along them. From north to south, they are (see Figure 1) The oldest sediments onlapping this subaerial unconformity have been dated around 26 Ma. A detailed analysis of seismic reflection data, coupled with the DSDP results in the northern part of Japan Trench margin, allowed R. yon Huene (personal communication, 1990) to date overlying reflection horizons and identify where these layers onlap; and then seal the unconformity at 26 Ma, 23 Ma, and 16 Ma. Thus, for the northern Japan Trench (two lines), we are able to reconstruct structural images of the Japanese subduction zone at these periods. Unfortunately, processing of seismic data in the southern part (transects 3 and 4) was insufficient to identify time-specific horizons, and we assume that the clearly imaged unconformity is the same age and origin as to the northern. the slab to move deeply, but such parameters are, again, probably more realistic because we intuitively know that the elastic core thins downward due to the reheating of the slab. Furthermore, a decrease of the flexural rigidity provides reconstructions more similar to those produced with an isostatic model which was tested with great success in the first part of this paper but cannot be inverted for instability reasons. The deflected area drastically increases when reducing the flexural rigidity. Figure 8f shows the effect of a semiinfinite plate with a free edge at the origin. In this case, the whole slab migrates landward through time, and considerable amount of material has been removed, especially downward. et al., 1982] . In terms of removed material, it is very difficult to provide definite estimates because the deflection propagates downward and sometimes increases downward. In order to compare our estimates with the previous minimum estimates proposed by von Huene and Lallemand [1990], we take into account only the arc crust removal. The present Moho discontinuity, under the lithospheric wedge is located at 25-30 km depth [Yoshii, 1977; Okada et al., 1979] . We do not know the paleodepth of this discontinuity but we assume that the change in depth during Neogene time was not significant. Consequently, we propose estimates of removed material above 20 km and 30 km depths. Such depths are reasonnable for estimates of the erosion of the arc's crustal mass (Table 2 ). One can notice that the decrease of flexural parameter or free boundary condition has little effect on the deflected area above 20 km. The major effects of such conditions are expressed deeper.
The comparison of the four reconstructed transects at 26 Ma provides a unique reconstructed perspective view of the late

This also may be not unrealistic because it would explain the earlier presence of the volcanic arc at site 439 of DSDP [as suggested by von Huene
In the following reconstructions, we use the most conservative computation, that is, a paleoslope dip angle of 5 ø, an infinite plate, and a flexural parameter deduced directly from the age of subducting crust. This provides new minimum estimates (the previous minimum estimates being those given by yon Huene and Lallemand [1990] ), but we have seen that the more realistic reconstructions produced larger estimates. Figure 9 represents the two northern transects at 26 Ma, 23 Ma, 16 Ma, and present. We observe significant lateral variations along two transects only 100 km apart. The deflected area along JNOC 1 is twice as much as that of JNOC 2. The large deflected effect along JNOC 1, caused by the first (between 26 and 23 Ma) limited landward subsidence isolating the Oyashio paleoland (see details in a later section), is mainly due to the density distribution over the lithospheric wedge which increases landward. Figures 10a and 10b ). 
If the unconformity is of the same nature as in the northern part, it shows that tectonic erosion of the margin since upper Oligocene is not a local process but rather implies that it
The Example of the Peru Trench
We have tested our model for the CDP 1 transect described by von Huene and Lallemand [1990] using the same initial geometries at 20 and 8 Ma. In this region, subsidence estimates come from the results of ODP Leg 112 [von Huene et al., 1989 ]. We have also tested the effect of changing parameters for the two reconstructions. Figures 11 and 12 present the results for 20 and 8 Ma. The change of the different parameters of reconstruction produces effects similar to those previously described for the Japan margin, that is to say, an increase of the deflected area when paleoslope dip angle decreases from 7.5 ø (present lower slope angle) to 3 ø because the load increases. A larger deflected area is obtained when the flexural parameter decreases by 2/3 and 1/3. The shape of the slab obtained with 3,/3 is clearly unrealistic, but it is mainly due to the fixed origin. One can imagine that a free edge allows the slab to migrate landward as in the Japan case; it does not happen here because of the initial configuration of the slab, whose dip angle decreases at depths deeper than 50 km, and we observe a "flag effect" which is an artifact of the iterative method. The estimates of removed material above 20 and 30 km depths are summarized in Table 4 and compared with the first minimum estimates of von Huene and Lallemand. We generally obtain estimates twice as large as previously published estimates for the same reasons detailed above.
DISCUSSION
We have seen, when testing the method at present time, that we are able to fit every slab by loading it by the difference in weight with other lithospheric wedges with an error bar less than 2 km for the isostatic method (no oceanic plate rigidity) and less than 3 km for the elastic model (oceanic plate rigidity is maximum, function of the mean age) with some exceptions. These exceptions can easily be attributed to the wide transect sampling, including margins as different as Costa Rica and Peru, and also to some regional pertubations due to ridge subductions in Tonga for example. For computing reasons, despite its better fit, the isostatic method cannot be inverted for paleoreconstructions. Nonetheless, the elastic method is more or less similar to the isostatic one when very low flexural parameters are used. A variable flexural parameter is probably the best solution and will be tested as soon as we are able to constrain these downward variations (P. Schnurle et al., manuscript in preparation, 1991). For instance, minimum estimates can be proposed with the elastic method using overestimated rigidities. Furthermore, the error is considerably reduced when comparing the same margin at different periods, especially no older than Neogene time.
The global estimates can be converted into erosion rates and compared with known rates of accretion. These rates can be understood either in square kilometers per million of years of eroded cross-sectional areas along a given transect or in cubic kilometers per million of years per kilometer of margin. They are summarized in Table 5. This table shows Concerning the Japan Trench, we observe a general subsidence of the margin that began near the coastline of northern Japan in late Oligocene and was then extended to the whole margin after early Miocene. One interpretation could be the following.
1. During the Paleogene, the present Japan margin was subaerial as attested by a well-documented unconformity, and then submerged across much of the width of the Japan margin. Rates are given in cubic kilometers per million of years per kilometer of trench.
imagine that the successive presumed incorporation of allochtonous blocks (a northern extension of the Kuroshio
Paleoland and a southern extension of the Hidaka block) plus the forearc extension due to transtension perturbated the equilibrium of the margin drastically and the erosional process acted as a "cure". Then, the slab probably migrated landward simultaneously with the volcanic arc which reached its present position at 12 Ma [Tsunakawa, 1986] . CONCLUSION It appears from this study that tectonic erosion is a response to a perturbative effect which can be either the subduction of a ridge, the accretion of a large continental block, a change in kinematics, Or forearc extension. Lallemand and Le Pichon [1987] , yon Huene and Lallemand [1990] , and Lallemand et al.
[1990] discussed in detail the effects of seamount subduction on tectonic erosion. Similar processes could be found for explaining the accretionary process such as the sediment supply in the trench and so on. There is no definite answer to the question: Is it the geometry of the slab or of the lithospheric wedge that governs the geometry of the other? We think that both interact and always tend to a short-lived equilibrium, but intuitively one can imagine that changes in parameters of large oceanic plates, like the Pacific plate, is responsible for the tectogenesis of plate rims. Furthermore, periods of tectonic erosion affecting the active margins are associated with periods of uplift of the associated arc, suggesting that the removal of crustal material perturbs the equilibrium of the whole lithospheric wedge including the volcanic arc. As soon as new data on vertical movements at convergent margins become available, we will extend our study to other active margins to complete the tectonic erosion contribution to the loss of material in subduction zones. Our simple method will be improved in the near future by testing other models like finite element modeling or by adding elastoplastic behavior. 
